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Abstract

Techniques have been proposed in the past for various types of finite state machine (FSM)
decomposition that use the number of states or edges in the decomposed circuits as the
cost function to be optimized. These measures are not reflective of the true logic
complexity of the decomposed circuits. These methods have been mainly heuristic in
nature and offer limited guarantees as to the quality of the decomposition. In this paper
we present optimum and heuristic algorithms for the general decomposition of FSMs such
that the sum total of the number of product terms in the one-hot coded and logic minimized
submachines is minimum or minimal. This cost function is much more reflective of the area
of an optimally state-assigned and minimized submachine than the number of states/edges
in the submachine. We-io 4t-a-~the problem of optimum two-way FSM decomposition e t

. one of synbolic-output partitioning and show that this is an easier problem than optimum
state assignment. -deseribeea procedure of constrained prime-implicant generation and
covering Ww"ef cprcscnts an optimtum FS, decomposition algorithm. under the specified cost
function. Exact proccdurcs are not viable for large problem instances. Wge- 'a novcl
iterative optimization strategy of symbolic-implicant expansion and reduction, modi l'icd from
two-level Boolean minimizers, tf? 1rprescnts a heuristic algorithm based on our exact
procedure. Reduction and expansion are performed on functions with symbolic, rathcr
than binary-valued outputs. Wt-Preenl preliminary eyperimental results th4'?llustratc
both the efficacy of the proposed algorithms and the validity of the selected cost function.
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Depart useut of Electrical Enineig and Computer Scienices
Uuisversity of 8~folria,1 Berkeley

Abstract 3. The developuient or a soplisticat ed heitristtic optimtization 9t rat eg%
'Ipcliiiqiies liave beeni proposed ill the past for various types of finite that is applicable to problems of Any size. We give a novel iterat ive
st ate muachuine ( FSNI ) decomiposit ion that, use tile number of states or optiization st rategy of symoti ePjlrif pansioni aiid rrduc.
edIges in thfe decomiposed cirrtuitls as thfe cost fuiction to he optimuized. tit. modified frot two-level Boolean iiiniizers. that represetill
These ineasures are not reflective oh the true logic complexity of thle de- a heuristic algorithmn hse onl our exact procedure. Rediict on
coiiipused circuits. These iiueiliods have been mainly heuristic ill nlatutre and expansion are performed onl functions with "i siiitolic. rathecr
aml otfer tiimuted guarantees as to thfe quality oifthe decomupositioni. ]iu than biiuary.-valned outputs. NMany different exiaiisioui/reluici oit
thuis pa per. we present opt inim Aind lieuristic algoritlin" for the gen. heuristics have been imuplemiente And ev-alunated iuder t ins global
era] idecomupositioin of FSNIq %itch that the sutn total of the numrber of strategy.
puruict tctnus ill thr oi-hot roded and logic ittuuuutii:cd .tuuhnachines is We present basic definiit ions iii Sectioni 2. Iii Sect ion 3. we fortiiilaie
iiion imiuntu or ti intnal. This cost functioni is mucli more reflective of thie the decomnposi tion problemi as one of yiiibolic outpuiit part it ioin tg a un
ares of aui opt inially state-assigned auid muinimized subnacluine than the give anl exact procedure to solve it.. We give a thleoremi list pro%(,
inimter of states/edges iii the submnachine. We formulate the problem the correctness of the procedtire. A hieuristic exp~anid- reducie lirocedlire.
Ooloptliiiui tvvo-wa% FSAI decoimposition m one of symbolir-output par. viable for large size p~rotblemis. is lpreseiuted iii Sect iu t. PreliiiiuArv ex-
tiiifl Aind liv ho t t ihis is anl easier lprol~eii tliani optimuml st-ate perinietital results onl area and perforimanuce optinizai ion. thili rt
Assignmiuent. We describe a procedure of constraiiied prinue-iuuuplicant both the eflicacy of the proposed algorit ints. as well As tile validit v of
geiiers iou ii Ah coveriiug t hat represents aii opiiuu FS!J derolilu'o. our cost funuction. are presenited ill Sectioii 5.
$~ionl algorithmiu. uiidcr the .spcifird cost fiutioi. Exact procedures 2 Preliminaries
are not %iatble for large protblemi instances. We give a novel iterative
optimiization strategy of syiubolic-iiipbcapit el-pansbon and reduction, A finite state miachinie is represenutedl by its State Transition Graphi
itodlitied froini two-level B~oolean imiinimizers. Ilist represents a heuristic (sTGI,, or State Transition Table (StT). ((. E. 11IyI)l where Ilis
Algorithmii based onl our exact proed~ure. Redhuctioii and expansion are the set of vert ices correspoidinig to t lie set of st at "es. svliere 11.511 is tile
lperforiiiei on fiunictioiis withI s~ ii bolic. rat her thlaii hi isry- valued o t,- card ins lit3- of thle set of states of thle FS NI. aii cul ge (,.,. Ij. I -jis i., to
puts. We presenut preliinuar% uxperiiuental results that illustrate both Ii e if t here is a prinuary iiut thlit callses thle FSNI to evolve fromt st ate
flie elffcac% of thfe proposed Algorithms and thle validity of the selected 1'. t~o State rl. aild 11 (E) is a set of labels at taclued to earlh edlge. each,

t ranisit ion and the values of thle priiiiar ot tils corrsgoudig to ithatI Introductiontrnio.
W The ares atid perfortiiiie optimization of sequeiitial circuits is recog- A partition t- onl the set S is a collection of disjoint SmIlrets whlose

iiized assa key area. Work doine in this area lisa inuvolved the developmient sei. union is S. The disjoiiit suubset.s are called thle blocks of -,. A factor
of algoritluns for state assigimieuit (e.g. [61. 1811 anid decomiposition of is AIR (> I) sets of states andtall faltout edgeq froiii these sets of st ates
finiite state Iluachlues (e.g. (Ill. 11011. in the giveni machine. Each set of states is called anl occurrence of tilie

Considerable progress has bieeinade in thle sequential logic sytte- factor. The niaxiunu iiumbier of states iii aiiy of the NR occurrences
sis arenia in tile receiit past. Hleuristic strategies for state assignment of thle the factor is denioted by Ne-.
targetiiig tivo-level And jiiiilti-level logic imtpleimentations that achieve Giveii a State Grapuh descript ion Of A desired teriiiiAl behavior. tile
Iiigli-i1tiiali% 5ohl iiouus isv~ cbeni (levelolped (e.g. 8]. ( 3[]). Statie muachinie essentce of tilie dlecoinupositiou probleimi is to hi iiu twso or iiiore maila w5 te
factorizat ion algorit iits have bieeii developed aiid their relat ioiisiips to which. whieii intercoinnected iii A prescribed was, will listilAN thlit ier-
lie state assigiimeiit probilemi have beeti ituvetigated in [4) (2]. initial behav ior. We refer to I lie itidiv iulual iuiacliies I hl itake upl I lie

Ill t his paluer, we address I lie protileii oftI lie decoitposit ioni of s(1eqie- overall realizat ion ats subniacliines. The miachuiin- tit~siliat froti,
tal i iac lii iis ito sinisler intiieract ing sitbiiiacliiites. so As to optimlize t lie iiite rconimec t iou offt lie stiiaclimi' is cal led file decomusposed ina-
lie area auid pierforimaice of tile resultiiig iimplemeiitationm. Previous chine. By tilie prototype machine, we tteaintilie miaciie thlit was

a it roaclips (e.g. (61. (41) to tiiie st ate iiachinie ( FSAuI decoiiposit ion used to definte I lie t eriial behuas ii to Ibe ru-sIizedl
hav uised tile niiiuer of states Aiid edges in the resulting subinacliies 3 Exact Procedure for 2-W'ay General De-as thle ir cost fti ic tiou. ( iv c thlit thle logic imnpleimentation of anl FS NI is
ilerised froiit its State Tratisitioti Graphl (src.) specification after state comiposition
assignmeinit aiud ititetusive logic optiiiizat ion. t his cost funcetion does not Genueral decomipositionis canl lave various totiologues. We are coutceruieul
reflect thle t rite coit tlex it of f lie evenimual logic- level imuplemnit at ion with fitlie dlecompilosi tion t opology of F igutre 1. w vhere thle origina is ia-ssiud is. in fact - far frot accutrate. Previous Approaches ha"e be-en maitnly chiie, .1f. has bieti decoimposeid itto 2 stuliiuaclinies,.1/1i atuh .111. utter-
litirist ic fin tiat tire Atud offer liniulied guarantees as to the quality of thle coiitected iii the prescribed was. The ot pit logic for thle ilecotoin-di
titial sOltutinnl as well. machinie is dist ribuitedl between tilue two aitiniacimes. tiutlike iii [-t] ss ler'Ihle cointritbutioiis of the work presented here iiiclude: a logic block extertial to thfe suinacties was required to getnerate theii
1. A formtulationi of tflie opt initin two-way decomupositioni problemi as primiary outputs.

oteie falguiholic otutpuut paruftonng, with an associated cost fiuct ion OtinlSaeR~gnilO 1AhlPCt"101i ofniitAlolthat is muvch closer to thle finial loic-level iniplementationi than thle f iiiial tatle ignldme ost o of a h e orAlsons to fiinug i op.
nobrof states/edges iii tile decornposed submiachines. namnely. nieai, that iinore than 2 stibinariies milm Ite produced. interact ing inithc ftun total of thc tunuluur of product termsx in the one-hotI coded muchi t lie %ntine way as in Figure 1. Thme lirolleili Ofra 2-way (lecotuiposi.atud logic uimintt:ed stitachinces. This cost functioni allows us to tioti is thus simpler thant the state asignneutt problemi. Our goal is tIIpredict filie comiplicated effects of logic miniitmizationi.prvdexcoruaext ltonsoti rbem

2. The developnieiit of siu exact solution to the above probleni via prvdexcorna-at.sliosothsroeti
a inethod of priiite iiplicaui getierationi atid constrained coverinig. 3.1 Cost Function
Exact iethloda for state assigiieut have been proposed in [51, hut The cost funuction for a general decomiposit ion caii %ar% detpenditig onl
here we exploit thep fact that thle problem of two-way FSM decont- the eventual tatrgeted imtplemienitationt. Here, we are coticertied itih two-
postit ion is easier ti uiu that of state aiguiuent. In particular, we level iispletuueitatior is le cost fiunctioni used Alienss us,. to decompose
presenmt a poly nonial1-11 ifile algorithuii t~o check for the validity of a the prototype iuua lime iinto snlniiaclitii uch t l life t..iii oftI lie a ream
£15 eli solution durinig rii imiillicait covering, Of tile two-1eV-el iliphlenuenttatOuil Of each sti11Ahitcl ieAfiter state Assignt.

*Deparntu ue- of Et-ti- I ica l gerriulg maut Con.1auuei Science, Mauchulmett. In- trient is less t hanf or close t-o thle area of thle two-Irs-l inipleieiitami ot of
stilili. of Tertuimiotty. Cauibridg, the prototype muachinie alter st-ale asaiglinelit. Tile Area of thle two-lesel



Salle code (Note that Lte presentl-ftate field lifs been replaced bys a
nultiple- valued variable and has not been split as the liext-statIe fiel
bitwise ilersection is all zeros. Let a one-hot code for L1 I(L 2) produce

PI (P2) product terin. PI cali lie chianged only Ib% miakiiig Sallie of
PSI ~the Sat thie Salle, since a one-hol output coding in the Worst cane of

no sharing b~etweeni the evetitual binary-valued outI~l put. if All thle so,
pit POare coded with tire Samle code. their we have tierelv thle POs to realize

and m-inimumr cmrdinialitv of anr encoded L il t the sb, have fill to be
different. This will ititpk t hal Pt + P2 ? P. If one coded all thle sbs,
to be the Salie. thenr L2 is not reirliired ait all (1"2 = 0). bitt aill tlse sit,
have to bie coded different ly and hence P, = P.

Thus, th li robletin is to decide % hich of so, cail lie coded thle "re
_____________________unuder a oiie-liot code (iniplying that tlse correspondiiig sb,s are coded

differently unider a one-hot rode). so as% to piroduce a nhlilliuiu P, + P2.
Thi-i is idettical t~o ident ifyinig two parltioiis (tij in the original mnachuge
so that the oite-liot coded decomiposed iiachinte correspoindinig to tlese
partitionts satisfies the cost fund ion. Wheu(the sublirapli Associated

Figure 1: Genecal Decoinposition Topology with ire states itt one of tlie block- of A part itioi hs; similar fiiitc-
tionalit v to the subgrapu Associated with antothier block of stateg illill
partition, this is exactly t lite Raiiie as idetitif% iiig t[lie best factor [t) ii t(lie

illipleiiieiitation of each subinchune is always less than the area of the origna mah cos's st ates -, .5, halit perforing a otie-hou
two-level iimplemntiat ion of the prototype miachine. We also find that colng on th.1e factored aiid factoring tiachuines separatel% risinug differ-
tlie cost of tire muulti-leiel imuplemnuitat ion of the deconuposed machine eit fields. pirodulces a iiiiniiiiuii cniuulati~ neumbiiler of prodiuct termis.

Obtaiiied rising this cost funictioii is aliast a/nagrs less thiaii tile Cost of If Sol- is thle Sallie asq "41, it Mieaiis hlat sk aiid -41 Are both? States ill t lie
the mnult ~-e~el inipleiieiitat iou of the prototype inachiuue. This implies Samle occiurreiice of thle extracted factor. If sb. is thle saume Aq s al, it
liat aii optiiiial d ecomiplosi tion targetiiig A two-level imiplenientatioii is nreaiis tht tS and ,;I are (1) unselected states not it. the fact or or (29I

a good decoimpositioii for thle tunth i-level case. correspontdence states in differenut occurrencees of lte factor.
Considler t(lie submiachine- iii Figure 1. Let cte iuumber of product, Ifolte wishies to conustrainile decoimposition to extcact factors withI a

terms iii the prolot% PCe iiachiie, M. after oiie-liot codiing aiid two-level niaxitun of NF- states iii atty occurreuce oftI lie fact or. it imiplies t hat a
Booleanu iiiiiiizatlo i le 1. Let the uuuuuber of product teruuis iii the na~xinium of AF Sa, caii be giveii the Sallie code. If We require a factor
stubiuacuituen 311u anid 111 after oiie-lint codiig aiut two-level Boolean with At least N~R occuirreiices it iiiesns that t(here lua'e to exist at least
iminimuization bie Pt atid P7. respectively .-We deeni a decomnposition to NR groups of so, such that the so, in each groiip hlave the Sallie code.
be ostuinui (optiiiial I if PI + P2 is niuiuiiiuun Oiuinial I. Note that in
thle casqe where iio good decompositioii can be fotiid Pi + P2 = P. In 3.3 Prime Implicant Generation and Covering
this case. tire best decomnposit ion correspoiids to a topological partitioti To solve aii output eiicodiiig prolemc. w% .e have 'to miodify tire prilule, ill,-
oftI lie niext state lines. which are produced by oute-hot coding Al (The plicauit generationm a]id coverIiil" strI'lteiesq basi to Booleanii nitiiuiiza-
uiext-state hules iii a ogue-hluo coded iiachiie caiinot share logic). tioti. Wte lhare a Si I upli'c ( a,.d qlight I% (liffu'ent I lirileut hiere froiit thle

Sinuce tilie two-level area of each subiacmiue obtained usitig this cost classical outphut eiicodiiig problemi. luowe'.er. since we hiave assuinued a
fuiictioni is Always less thlaii the two-level area of thle prototype itia- oiie-liot coding aiii lite ou1

% degree of fret'doiu is iii 5k ing thle samle
chineu. file critical patlls of thle ilecouniosed imachiine in Figure 1 will lie code to the syiibolic ouitp;uits.
smtaller Ihan ile critical pathI of thle prolt tvise miachine in the two-level Wi~e have thle fiunct ioiis L, aiid Lz which have hoth Iinuar -va lied aid
ituupl~ieuuutat iou. To optimiize the critical pat-h of the deccunuposed Iia- a inltiple-valued input . a syiuibolic outpuit And biniary -'aiued out iuiiv
cli ie. thle coiilil% of thle prototype macline should lie uniformily (inl the casecof /.11. We genlerate generalized lirinie iii lilicali i(( I 'Is fil
d intribhoted bet weeni tile so biacuiues. A iiiodifled cost. funiction of thle L, anud L- iiiicli As iii thle Quine-MNc(.ltskev lproceduire wvitl ait51 iioiialI
for ii Pt + P2 -+ oil Pt - Pill charac terizes Lte optiiality of the de- t-ags correspioniding t~o tile svuuuliolic out piit. liitial lv. all ii int eriuw is e
compolXsi tion withI respiect to tliing also, tags correnpondiug to t(lie Symibolic outptutt hler assert. -If a iiiiieriii

Factorzatio and artitonin5  that asserts a a ihuohic on tlii 5 I ii re witlI, a iiiterili Assertinig
3.2 Decomposition, Fatrzto n atto ig the symibolic out1put sait, the resiltiiig cubie has bohtgSoa i.:
We formulate tlite optimnum decomipositionu probleii iii the sequel. 'ute A cuiie caiicels aiiothe icilse if and oiily if their t ags are ident iial, t heir
are giveiitthe initial Stlate Transition G raphi (SIC) of Al.- Assunie Aj iiiiil tiple-va-limed itupum tparts are ideutical or t(lie tiitiil-s iediutitu
hraq N slates........q.%.. Wue conistruct a futictioii L as follows: The part of thle larger cubie coiitains a otie iii all liositious. aiid. tire binary-
lureseut-satle (WSI fieldi Ii lie STG is replaced by aii N-valued variabsle. valued] inpuiit pa rt of lte larger cii le cos ers lite bi iirr-v liied input
Thle iiext -t ate (N%) field iii lt is Spit iiito tiwo symitbolic variables. i.e. part of tire suuiallu'r cube. Binary-valued outptint are t rested tile saiuue~is split iimio syilbolic Outptt Sol aiid si. s2 is split into syniliolic as pi h uieNclmkylrocedulre. Whmen no larger cube can lie
muiimit s2 aitt -42 And so oii. The primiary inutt (PI) and .outpiut geats we aire the ~lse fal P

(P0) fields are iiit oiiclie. Aui exasiphe transformuationi is shown below: Giveni a set of Gu 5 for Li and L2 oiie Ian to terforiii thle select ion
II S1 S2 10 - 11 100 sa2 SbO 10 Of a Cover Such that PI + P2 is Iliiiiiiit.l [lie defliitioii of a cover is

differenit froint classical iiii uizat iou. since we have tlite conist raint thait
00 sl s3 01 - 00 100 sa3 sb3 01 all the s, have to eiicodedl differenulyk. A cover hafs to contain all tile
01 52 s2 11 - 01 010 sa2 .62 11 rniiiteri iii LI (or L2). III addlitioni. giveni a set of (APIs for Lt. iisuiiel%.

GI aiii a set iof Gills ,~ for L2. we hase to check to see if we caii code
11 x2 sIl 00 - 1 010 sb3 SO3 10 the sor,s and~ abs such t hl all thle s,s liase differenut codes and( that iio

(oiisifler tire fiiictioiis LI and L 2 with PI aiid PS fields that are thle GPlI ias A iiiilt lile-raluell inult pact Iha lit iolates lite euifealiliil
saline an L. LI lis the first NS sub-field, corresponuding t~o the Sa, atid ruttraiiits. Thlliu Wse caii conistriuct tiso sruuliuacliies hi1 And .11/2.
thle priiuiars out lt. L2 has the seconid NS sub-field correspondinig to which whten oiieiiot coded would pirouce a cover cardimuality of JGuIlie sb,. LI (left) iand L2 for our example are shown below: aind IG2i. respectively. The iniiiiii coveritig probleiun corres'pouds lt

11 100 sa2 10 11 100 SO2 finidiiig A imiiiiin G il + 1G41. As iiietitioued earlier. trade-offs will
exist..

00 100 sa3 01 00 100 SO3 It retmainis to rlearly dlefitie how thie constraint on distinct codes for
thie s, alf'cts fle select lion of Gl and G2. For this we need to inspect

01 010 sa2 11 01 010 .62 thie syitiliolic tags of echd of the iiilicsuits iti GI and G2 , Ms Well AS
II1 010 SO3 00 11 010 S63 their iitruilile-valued input parts. Wte canl state thle following-.

LI amid L2 are topological partitions of the function L (which cor- I. If a Puilile iinlplicaut P E Gi. hifs at tag containling stall Sal ui s,'.
respondst to the originial SiC). but they- are also State Graphs of de- thieni it imllilies I hl .na. Sal. sum, have beeni given t lie Sallie code.
comiposed subunciues. which together realize the behavior of Ml. To 2. If a prillie iiiliciit-.u p E G2, liIa A tag contaimiing Sill.. sb,. sb,,,.
elaborate onl this. we nteed to look at possible emuodins of the sai and thieir it ililile-t that sbk, abu. sb,,, have 1ie"n givenm the Sallie code.
Rb,. Obviously. the codes for aill thle si [save to lie distinct. The codes 3. If thle uniut iple-vaited iniput part of a prinse imilllirault p E G1,. G2for ,oils and Sal caii be the Salle if and only if the codes for .bb and abt hast A 0 iii the position correspiondinig to k find Is4 in positious
are different. corresioilng to As. s_, thlin it imipliest thlit eit her tlive code for

Asinie a oiie-ltot codimng for the synibolic output of Li (L2), with £uik in differenit froni tire codes for bothu 5thaind sit,, or that tile
the extra degree of freedoin that some of tie Sail (sb,) can have the rode for Silk is differet fronit the codes for both sb, and sb,,.

2



3.4 Algorithm~ for Encodeability Check 4 Heuristic Procedure for 2-Way General
* Cjeii t lie ab~ose relat Ioilis, we hiave It check t o see if all dI e s, cali have

disi iicl code- for somie selectI ioil of GP Is, G I anid G2. If so. tile se lection Decomposition
of (;, andI G2 is v.alid. Else. the selectioin is invsalid. The check call be The basic iterativ.e at rateg that lis beeti used suicce'ssfilly for tlite two-
are omiiijljlied iii polyniom ial t iime. via thle algorithmiii described below. lev-el Booleani niiiiiiza tioli prolemii applears prom isiiig for 2-wias * %ell-

L( otistrtict a graph "here each node is it state s, anid there is anl erall decomnpositiont also. Tite eiicorlealility re~icll'isfor Gi and G2
edge w~-ithI label it froiii .s to if I they co-exist in ftle tag of sonic are definied iii Ilie saine mian nerasfor thle exact t irocetl ire. Buit. inst ead
(;I ll 671~i. SimiilArl%, t here is anl edge "ithI label b froiii s, to 5, if of enuiiieratiiig all tile (311s. we begini-it il a set of C lls for LI aii

litile% co-exist li tilie 'tag ol'soiii (IPI lin G2. 1 2 anid attetnpt to reduce their counit. while miaiiitaiiiiiig tlie validhitv
2. If ally s4,. .s, pair hias edges with both labels a and 6, the selection of the G PI covers. We caii perforiti operatioins sim~ilar to tile irrdirf

is ijisalid exit. We call t his conlstrainitt lie imi q11r15ss col~atcailil. atid e77 iild operat ioiis of Nil NI [7] all(1 ESM IESSO [1.91 iii all effort to
3. Silicele at iii i duelitti f% part it ioiis[(;] ill flie prototype niachine. niiiiiiiize tlite cover ca rdiiialit ies.

%%e imlpose a t raiisit ivi1% coristrail onl thle graph constructed iii The three basic steps iii our iterative loop are giveil below iii thle order
rtells I anid 2 abuse. This imiplies t hat if so, 'irl so, have anl edlge iii which thiey are carried out.:
ith lab el a betweicel t heini aiid sii, aiid sak have a11 edge w itt Is Symiiolic-redulce

lalbel Ii bet weeii t hiel i. thl lIe an d ilsilk liust also have aii edge 0 Sytilbolic-expand
w-it i labiel ai li eeti theiimi. We delinte a cliquse as a su bgrapil stic Ii * Iiitize covers 8111 ret hoe i il coi 1tra iis
thtat each pair of constititetit tnodes is connected by edges with thle Thle coat funlctiotn that we use for lte iterative procedure is tlie saiiie as
511111 labeil. iiis. tilie cositraiiit graph is comiposed of a -set of that used] for tile exact algorit liii. iiaiiiely. te iesii of tiel cariiialit i.s
r-iijies sat i-fi ig thle folloaiiig properties if the selection of G PIs of tile iimiized one- hot codeid aliii narli i ite. Tile si et ill IIi is lot,
(foes 1101 volat e tieti 2 altore: are rep~eatedI tinfl f tlie cost of tilie solulttiln. gise h% b thIiis cost fii lilttioll

* All tilie edges ill a liarticular clique caii have oiihy oiie type of rentaitis uncluaitged after a passt tlirciiigi I lie
label. Thus,. a clique call be ideniitfied with ai label. Iii thfe svilbolic-redllce aind svlllliolic-exllald st eps. we at telit it)

* [wIo cliltiles -Ait Iit (lie samie label canniot hsave a tiode in coot- iiiodify tlite symiibolic altil tags oft lite (;'lr t hat clirrel% miiake lip) t lie

111011 Unles buit itlie cliques are coiutaiined in a sinigle large covers G,' aiid G2 sO that tilie pOssihilit% Of 0 litI a iliig a coverc at 1 lii- entd
of the ininiiii:c Mtet, withI a low-er cardittalitv thlaii t he carriiialit s of I Ilei

cI liu. cover at tilie begiiiig oft flie ctrreiit pamq if (t l op11. is iiicreas-it. I. I
a I %%o cihitlies wit Ii a dliffereiit label call limse. at the niost otie syiiolic-rediice aiii sviiilolic-expaiid expand sti'lls aitc aiialogoits to I hei

tiodeI is, coil 11. Thus, tany two cliques call have, at the miost. red ice and ex paiid st eps. cesilectiv el%. its it eraliNi' t wo- ci el Boiole-an
Otie iiode ill commiloni. iniiiiizat ion. Unilike iii tao-level Booleain iliiiitiizatiit, we do sil

4. Otnce a graph t hat sa islies tilie cuicodeability conistrainits iiiipoaecl by check t hat tile cost of I .lie (decompilosit ion (foes not ilicrease drltriig tlite

le 0111 til part oft lie (A ls is constructed. we check for violationsof sytibolic-rediice and eyiiholic-exiuid steps. Oii thle oilier liaiir. tile
colisi railits impse 1 ttis' I tile 111111ple- valued inipit part of thle C lls. svuiilolic- red ore and( sviiibolic-expiaitr st eat are ca rr id out I aseiloon
Irisial input conat raiiitsare t hose iiI a I iii all the posit-ions of I-le iiitelligenit hieurist ics t hat rio usutally lead to a redtuction ill lite cost
mtultiplc-valtied iliplil tart or t hose withI otil% oiie I in the r1)011 ihle- apevf sery pass t licoiigli tilie loop. Esi sou. %%e liaitiii a cops of thie
%allied ilipli part (iecauise s, caiiiot have the samie code as x,~ for biest solition olitainled lip to the cltirreli pint. Thei siilioii of till,'

I i j Ibv virtule of steps I and 2). A select ion of C PIs violates iterat-ive procedure is tlite best solulioii olttaiiiel ill? to lte point wlieui
all ipilt coiistraitit if ant onty if t here exist-s a iitultiple-valuud thle iliitioiienters a local iiiiiiiiii that tie ilIerat %ei lirliceiiice calltslot

inptli part iii Otte of tlie selected (A l'ls and a pair of cliques iii lite flinub out of. Thie srtps of tlite basic ileral Sc looti arc exptlainied hbclonv.
roliraiiit graph siichI t hat the fol lowiing coiidit ions are satisfied: liit fle xinirstization step. is-icli fl Ions I lite \mboi llilic-cexp aild. a 8 1110

*Tile uiteisectioii of ( lie tive cliqutes is ioii-iiull. level 'ittituillizat oil of bith fitlie covers. (,u aiii GI, is carri,-l ois I-li
lie to clquescorrspoiis toait , su sto p Intcorp~orat es all thle cit ie- niergi hg thtat lis-olities I oss lule a a resultf

The intlersect ioi of tietocile orsod oalS uh Of tilie SI5 tbolic7-eXliatid. We Call lie cover htro(liiceil as a resdl of Ilite
tlat tilie posit iou associated a-ithI that .s, ii the nultple-valued tuhiililizat iou lite orrc-uiuuuuinu:cd coser iecatise tilie iiiiiiitlti7al lll is Cat-

iim titpart is a zeco. riei aitlhout iaL-iii into arcoliii siolat ions. ioflie ilitiit conistrainits. aild
Il Iliere is at least Oiie s, ill ari h of filie twio cliques 5111h i thle Iiiay thlerefore tiot lie euucoulealle. We i tras el t(lie 11ini 1 ile. sallw ieilm111

positiom associated withI t hat s, in th li ultiple- valued input part-s of tilie ciibes, t-o t(lie iiiitii i extenut tiecesA r\ toi miaket lite oser-
part is a oiie. iiiiiized cover eitcoileaible. Wluctiever alt 111011l cotist rAii ii ilat itit

5.Ifi10 (APh exi0ts such t hat its iiiiiiil ile-valuiec liplit part vioilates thle is detectedl.t lie carrliitalil% v of tIlie loer has (Ii lie inucreasedl lu oiie, tor
contmaihit s for a il% pair of c Iii~t is. tlike cover is deelued encodeable. remiove itf. The procedure for dletectinig the iiipii crilraintf violat ulm-

auid remios iii g thlem is spieedilu l) iiiirai ia11 b Ith l ie oif ill telligilt

3.5 Correctness of the Exact Algorithm pruing iecluimuites t hat Rreatly\ redutce Ilie search space.
Lemmra 3.1 Thu Otc;s nf thr cunntisily r h eel algnrithiuu arec riiees- [Ilie goal of t(lie symbolic-exparsd Iliiocillre is 10 inlcrease tile Wie
sully anud ssjjicii in mYsci- thiat I&u fipiucfionifiy nf the deconipnsed of th ti 1 iiit1 tags of lite ("Ills ill each cilser till -ttIII,- forii itf hirimalit '

iiutitii fs id itictil to thiat nf I&t prl-nttpz imiachine. is acluiesed. We conisidler itle cover to beIi' -rili %%ivhueio0s utliol , alih

Proof: Nrr(; styq: The ticcessity of chueckinug for the constraints iii thle added to0tile ou1 tt tag of any (;l'l withotif %iolat ig tile iimiies
algoithm lii follosis froiiilte (descripitionl of the conistraints in the previous cotitraiiit. Thie atoimiic opiai iouii t lite extiatnsiotn iroceduu- itiset I

icy: Itl' two states iii thep samte output tag of a G;Pl. clteckii is-lile dot so.

Sufr(ny tcall lie hlown t hat thle functionality of the prototype that tilie uiItitlien-es conist raiiit is lot %iolated. [his atoimtic step call
miarlii isiiaiiitaitucu if tilie sat isfact ion of the above-iinioiied coil- have two imaior effects:
at raiiis is %eritierl. hheiice. lil ot her constraints need to be checked for. 9 It iiakes niew ctibe iiierges possible.

aaIt cal resuilt il arit otal inii il colis ratiltf s itlaions.

Lemmra 3.2 -I mniiuii rnedinauly encodeable solution can be tiaadc S iiilolic-extiaiiil is order deiieiiteiit - I'# urdlritii lii-irist c at tlimits
,,, tb~y fGP.t-o miaxtimize tiel occuirrenice ofthle i-st elfect and miitimize t hat iif tll-

Proof: k-siip t hat %%e have a nilittlun cardinality solut itn with a secoiild.
clilue rl that is not a (;III. Wec know that there exists a G!"i coverinig r, The Isym bolic -reduce olierAtiOll trauisfortlfip the 11 iiieCover ilitit a

hlat lua&s lie saii tag as rl. t hat its inulItiple- valued input part is either tiohilrile cover. Thuis olieralaoi is esseial to tilie iterat ive p~rocess for
flie sapuu as tha t of u'i or has a i in) all its positions, that its binary- 1i iris Inig ott tof Ilite local iit1 iii t hat Iit ta iA ha entiered fol low-in iteii
intuitt tart cosers the biuuary-intput part of cl and that its bitiany-ont 1111 asit ihioic- extiid aid ttiimizat ott st clt. ii convert ing A pritte cos cc

pll cos ers tilie binar> -oultst of cl - Thus, replacig cl by thle 'PI to A nii-tirile cover. f lie basic operat iou used by symnbolic-rediice is to
does 11o1 change tile fu linct ionahity. Lte card inaljty or Lte encodeabi lity~ rem ove a state fromi lite syitbohic outlpii tags thlat it its cotitme al ill.i
of ilie solut oil. letice. a illinhimliicarditualily solution call beiiiade up %helltilie tags i-out aiii I110c thiati ne SA at ill 111t1t1i, Wile t~ililitlilig
Piitirely of C;Plq. a fiiictiotualits. 'Ilie stlates selected for reuioval are those whlose ilisert ioul
Theoreni 3.3 Tlt. .elvfunuo of a ritinmin carinaliti encodeaible coere Mi lie outptot tags of Ch'Is duiring thep syuuthoic-expaiid getucrAted iiei
for LI auid I. 2e from thr PIs rypecaitsl an cract solution to the decomn- itlitif criiitcaifili. hiectise lte inipiit contiiits are getiueated (fill. to
punaifin" prnblcinun pder the cost fiuctini bring isad. no'ti nill ititertlect otis betwiecut chliues a-ith differenit lael.Ac ctusulc
Proof: Thle proof follows front Letunis 3.1 and 3.2. 0 t hat afteCr tlite sitiuliolic-rcdiocc. tihe ititerectimu tet weell aug pair of

Thius.we have anl tract algorithni for solvitig thle decomnposition proh- cliques is ill. Sutch a cover is staid to Ile uiariiially isdsccd. I his
lens for t lie chlosen coist.-fuiiction. This algorithuin call be extetnded to the for tiit tiii oif lt he a>iiultolic- reuuce operat ion is orcher iliulepetloltut
probleiim of decoitpositIion into ailiuht iple coiilitent inachiines. The rca- '[lie ordeiring ofsi ate lirs at Ilie llegioling of lite 5%Ilhuhc -rxtauuilO sous hatthi exct agortliii layiiotbe iabe fr agiven probleni are- wichl follow'; tilie sviboic-reduce ohierat oti. us-es knts- lge of file ex-
fliat tflie nlumber of GPhs maty be too large and/or te covering prob- isteiCe Of CliilicS IIA litretlititleh after the a> tiul~ofic.rrc, [hule new or-
lent iuay not be slolvable in reasoitaie ltlie. Therefore, we require a deritig attemiiit to exlilore A differeint direction for Ilite s) titbolic-expait
hietiristic procedure to solve the probleii.
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Ex. St. 'rot. 'rot 2-Ievel Area Ried. in can be well fromt Table 1, tlie numtber of inlputis for hot is skibliacllinies
I/P 0 P Area I%) need not be equal. A snliiicjiiiie may be iiidepeimdenit of sotiie of thle

7Itw 222 "/ 819 8Q 2/88_ primatry inii sl aid presewnt state lines.
el / 13/9 22/2/2 2061/0/26 159/. It is apparenit froiii thle topology of Figure I thait we do Oot add ext ra

_11T- 161r 5 ..r 5/3/ 1 30/5.6 levels of logic to th lie nework. Thus. tile rediict ioniii ilArea is P-s a restilt
p aitet 32/2 131 14/11/25 35601776/5336 28/61/-17.6 of tlie samte causes as inl the vertical partitioning of liLAs Ili general. it
-la s 1 13/ 1:3 3/2/ 1246/616/16 4./73/7,. is not necessary that a good vertc al partitioni should exist for a l'LA.

3-51F 90-~~T 3~b 14832315/196 Our iet hod of decoitup~osition eiisiiies that a goodl vertical part tiouclues
sti~ 41 (11 4 . ~exist, which imptlies that thle performance oft (lie FSNI call be iiiiproied
qtIull 52 -I T7W 5 2I0 7 . 9 1 3 1074131.3 withoist coimprotiisintg tile area.

-laTT 5 1337 6741. We also report (lie nitilti-lesel Areas for tlie large examp,~les.. for uvlicrl
'3r Ii,, j~T 12 i a two- level iii pleitetitat iou miay iio( le efir etiIiii ilabIle 2. It call

tI 1A 2 71 1 5/3/ 39i9 042,i u seen that t lie itulti-level area of I lie decompijoseud iiuacluie is a/most

Averaged over examples with area < 1500. always smaller thanti tat of (lie l)rototlle uuacliiiie. elei though oilr
Whenever applicible, th fi_ ubri o o resods to decornposit ioin strategy is tiot geared specificall% toward dlecotupositioui
submiachine 1, the second to submachine 2 and the third is the for optimizing mutil-level area. To ob~taini t-le iuilli-level areas. deroill-

overall number for the decomposed machine, posit ioiis targetinig otliiiial 1ierforiiiaiice were used as starting piluuis.

Table 1: Statistics of the Enicoded Decomposed Machinies The results imiply that, a good dlecoiiposit ion targetitig two-level Area is
usually a good dlecotmipositii for tlie miulti-le~el case.

These results are signiificanitly bettler thlaii those obtaiiied v ia factor.

Ex. SubmacI. 11 Submach. 2i Oveall Area' ization H4.
7 1IgTI le -- w , 4 ~ -. W 6 Conclusions
ex I 1 - ~: We hiave propoaed exact aind h~eurist ic Algorit hms for opt muon Auwh opl-
,,, IT7--r tinual 2-way general clecomposit ion of fiuiiie state niacuiies.. 'I liese al-
ir- --~ w -rr - goritliuns A're based oil a cost fiuuuct ion thlit is iiore reflus-t he of t Ii.
p lnel * 1JIT6 -- i:3D cost oft (lie logic-level itlileeieitatioui of (lie decomiptosed iiachinie t ial
.s ITT a 0.21 U4n: thle cost futnct ion used 1) , % rev ions applroachies to file decotiutosit ionl
sciud U.28 W .59 problem. WNe have itlipleiiieied t(lie luetirist ic algouit lim ill (lie progriii
WT * 0T F Th-decom. G.ood decomipositions were obtaitued isnig h-dlecorn for a
0%r U.1T U.T lu IU. large number of benichmuark examptlles.
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